There exist several interesting phenomena and observations reported in literature for isothermal diffusion in multicomponent systems. Such phenomena include uphill diffusion, development of zero-flux planes and flux reversals for individual components, flux reversals at interfaces, and instability at interfaces and multiphase layer development. In addition, uncommon diffusion structures exhibiting unusual diffusion paths can develop in both single phase and multiphase diffusion assemblies. An overview of such phenomena is presented to highlight the role of interactions among diffusing components with the aid of selected diffusion studies carried out in multicomponent alloy systems, aluminides, silicides, and nuclear fuels.
Introduction
Isothermal diffusion in multicomponent systems can result in new phenomena and observations not normally expected or encountered in isothermal diffusion in binary systems. Isothermal diffusion in an n-component system involves (n-1) independent concentration gradients or chemical potential gradients and is subject to diffusional interactions among n components. The phenomenological basis for the analysis of multicomponent diffusion has been the extended form of Fick's law, as postulated by Onsager [1] . Onsager's formalism defines (n-1) 2 interdiffusion coefficients that link (n-1) independent interdiffusion fluxes with (n-1) independent driving forces and allows a description of diffusional interactions [1] [2] [3] [4] among components. Experimental determination of interdiffusion coefficients has been carried out in several ternary alloy systems [4] by employing solid-solid and vapor-solid diffusion couples with intersecting diffusion paths [3] . Alternative approaches for the determination of interdiffusion coefficients from individual diffusion couples over selected composition ranges are also available [5] [6] [7] and have been employed for the analysis of ternary and quaternary diffusion couples [8, 9] .
The main purpose of this paper is to present an overview of selected phenomena and observations made with both single phase and multiphase couples in several systems including Cu-based, Nibased and Fe-based alloys, ternary aluminides and silicides, and nuclear fuels. The phenomena include uphill diffusion, development of zero-flux planes (ZFP) and flux reversals exhibited by individual components in both single phase and multiphase couples, interfacial instability, and demixing of phases in two-phase couples. The types of diffusion couples most suited to observe the various phenomena are presented with examples. Concentration profiles of experimental couples are converted directly to profiles of interdiffusion fluxes without using Fick's law or interdiffusion coefficients. The observed phenomena are discussed in terms of diffusional and thermodynamic interactions among the components and experimental interdiffusion coefficients. In addition, uncommon diffusion paths and diffusion structures that can develop in diffusion couples assembled with single phase as well as two-phase alloys are also presented to highlight the dependence of the diffusion structure development on the terminal alloy compositions.
Uphill Interdiffusion
Isoconcentration Couples. Diffusion couples most suited to examine the phenomenon of uphill interdiffusion for a given component may be identified as isoconcentration couples, where the terminal alloys for the couple are chosen to have compositions with similar concentration levels for the given component but dissimilar concentrations for the other components. Such couples can be employed to investigate uphill interdiffusion of a component down or against the concentration gradient of another component. Schematic concentration profiles for two ternary isothermal diffusion couples (Alloy A vs. Alloy B) characterized by similar terminal concentrations for component 1 are presented in Fig. 1 , where components, 1 and 2, are taken as independent concentration variables. The original plane of contact between the two alloys is the Matano plane identified as x o .  i C and  i C corresponds to the initial concentrations of component i in the terminal alloys, A and B, respectively. For the couple shown in Fig.1(a) , the concentration profile of component 1 develops a minimum on the Alloy A side and a maximum on the Alloy B side and exhibits uphill interdiffusion up its own concentration gradient from left to right (+ direction) but down the concentration gradient of component 2. For the couple shown in Fig. 1(b) , the concentration profile of component 1 develops a maximum on the alloy A side and a concentration minimum on the Alloy B side; the uphill interdiffusion of component 1 is from right to left (direction) against its own gradient as well as the concentration gradient of component 2. 
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respectively, positive and negative in the region of the uphill interdiffusion of component 1. Hence, for uphill interdiffusion of component 1, the second term in Eq. (1) must be a positive number and greater than the first term in magnitude. It also follows that the diffusional interaction expressed by the cross coefficient 3 12 D has to be a positive number. A positive 3 12 D implies that the interdiffusion flux of component 1 gets enhanced down the gradient of component 2.
For the uphill interdiffusion of component 1 shown in Fig. 1(b) , 1 J is negative (from right to left) and is against the negative x C   2 . Hence, the second term in Eq. (1) has to be negative and bigger in magnitude than the positive first term in the region of uphill interdiffusion. It also means that 3 12 D cross coefficient is a negative number and that the interdiffusion flux of component 1 gets enhanced against the gradient of component 2. Alternatively, 1 J is decreased down the concentration gradient of C 2 .
Direct Determination of Interdiffusion Fluxes without Fick's Law. The interdiffusion flux
i J at any section x is normally based on a laboratory-fixed frame of reference, such as x o in Fig. 1 . For solid-solid diffusion couples similar to those in Fig. 1 , Dayananda [10, 11] has shown that the flux gradient of a component i can be related to its concentration gradient through the continuity equation by
is the instantaneous velocity of propagation of the concentration level identified with C i at a section x at time t.
can be expressed by [11] t
On substituting Eq. (3) in Eq. (2) and integrating over a range of x, concentration profiles can be converted into i J vs x plots from the relation [11] , .
Determination of Interdiffusion Coefficients
Equating Eqs. (1) and (4), one gets for a ternary system
For the determination of the four
as a function of composition, Eq. (5) needs to be solved by setting up 4 equations at a composition common to a pair of diffusion couples. Experimentally, two couples with intersecting diffusion paths [3] are normally set up and Eq. 
are assumed as constants, the concentration profiles of solid-solid and vapor-solid ternary diffusion couples with constant boundary conditions can be fitted to error function solutions [2, 3, 4] and the four constant interdiffusion coefficients can be determined with just one couple. However, in general, a set of constant
may not be valid for the representation of a system over a wide range of composition. Hence, an alternative approach has been proposed by Dayananda and coworkers [5] [6] [7] [8] [9] , where average values of )) 1 ,....
are determined over selected composition ranges of the diffusion zone of a diffusion couple in an n-component system. This approach has been the basis of a program called "MultiDiFlux", which has been used for the determination of interdiffusion fluxes as well as interdiffusion coefficients from individual couples in systems with three or more components. [6] [7] [8] [9] Darken's Isocarbon Diffusion Couple. A classic example of uphill interdiffusion corresponding to Fig. 1(a) was presented by Darken [12] as early as 1949 through his study of a ternary diffusion couple assembled with a ternary Fe-3.8%Si-0.48%C (wt.%) steel bonded to a binary Fe-0.44%C steel. The couple corresponded to an isoconcentration couple for carbon and was annealed for 13 days at 1050 o C. The carbon concentration profile after diffusion is presented in Fig. 2 as a smooth curve showing a minimum and a maximum with a loss of carbon on the ternary steel side and a gain of carbon on the binary steel side. The interdiffusion of carbon from left to right up the steep carbon gradient was attributed to the presence of Si in the ternary steel and the related increase in the chemical potential or the thermodynamic activity of carbon on the ternary steel side. Thus, carbon was considered to interdiffuse down its own chemical potential gradient, as Si interdiffused from cross interdiffusion coefficients [14] .
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Isoconcentration Couples in Selected Ternary Systems. There are many other ternary systems where uphill interdiffusion with positive cross interdiffusion coefficients have been reported [4] ; these include Cu-Zn-Sn [15, 16] , Fe-Co-Ni [17, 18] , Ni-Al-Cr [19] , V-Co-Fe [20] and U-Pu-Zr [21] systems. A few experiments carried out with isoconcentration couples are given below.
Isoconcentration Couples in Fe-Co-Ni and U-Pu-Zr Systems. In Fig. 3 (a) are presented concentration profiles for a Ni-isoconcentration couple investigated in the Fe-Co-Ni system by Vignes and Sabatier [18] showing uphill interdiffusion of Ni down the Co gradient. Fe NiCo D and Fe NiNi D coefficients were determined to be 5.1 x10 -14 m 2 /s and 9.3x10 -14 m 2 /s, respectively, from a pair of couples at the composition of 26Fe-25Co-49Ni (at.%) [18] . In Fig. 3(b) is presented a U-Pu-Zr diffusion couple investigated by Petri and Dayananda [21] ; it exhibits uphill interdiffusion of U down the gradient of Zr. From a pair of diffusion couples with diffusion paths intersecting at the composition of 75U-13Pu-12Zr, the interdiffusion coefficients, Pu UZr D and Pu ZrU D , were calculated to be about 1.3 x 10 -12 m 2 /s and 0.3 x 10 -12 m 2 /s, respectively. Uphill interdiffusion of U down the Zr gradient has also been reported [22] in the (U,Zr)Ni 2 phase developed in a multiphase diffusion couple assembled with a 83.6Ni-16.4Cr alloy bonded to an U-23Zr alloy and annealed at 700 o C for 4 days. [17, 18] in the Fe-Ni-Co system annealed at 1315 o C for 17 h ; (b) U-isoconcentration couple [21] in the U-Pu-Zr system annealed at 750 o C for 16.5 hours.
A Ni-isoconcentration Couple in the Cu-Ni-Zn System. An example of uphill interdiffusion of a component up its own concentration gradient and against the concentration gradient of another component as in Fig.1(b) is presented in Figure 4 for a Ni-isoconcentration couple investigated in the Cu-Ni-Zn system at 775 o C [23] . The concentration profiles shown in Fig. 4 (a) were converted into interdiffusion flux profiles on the basis of Eq. (4) and are shown in Fig. 4 (b) [23, 11] . Since the negative Ni J is related to the negative gradients of [23] . The uphill interdiffusion of Ni occurring against a Zn gradient towards Zn rich regions implies that the thermodynamic activity of Ni gets reduced by Zn in the alloy [23] . cross interdiffusion coefficient of -1.49x10 -15 m 2 /s was calculated [9] from the concentration profiles. The uphill interdiffusion of Ni in the Cu-Ni-Zn-Mn system is similar to that observed in the Cu-Ni-Zn system against the Zn gradient in Fig. 4 . The quaternary couple shown in Fig. 5 (b) exhibits uphill interdiffusion of Cu down the Ni gradient; this observation is consistent with the fact that Ni enhances the thermodynamic activity of Cu [23] .
Uphill interdiffusion in (Ni,Co)O. Uphill interdiffusion of Co ions has been recently reported [26] in a mixed oxide of (Ni,Co)O identified as an outer layer of a two-layer corrosion scale developed on a disk of Superalloy CMSX-4 subjected to a Type II hot corrosion test at 700 o C for 5 hours in a O 2 -SO 2 -SO 3 environment. In Fig. 6 (a) and but down that of Ni. On the basis of phenomenology of Eq. (1), Co interdiffusion can be interpreted to get enhanced down the Ni gradient in the (Ni,Co)O layer of the corrosion scale where a relative Co build-up is observed in the region of the external surface. Also, the Ni ions are considered to be less mobile than Co ions in their oxides, as the concentration of cation vacancies is considered to be lower in NiO than in CoO [27] .
Zero-Flux Planes and Flux reversals in Single Phase Couples
The phenomenon of zero-flux planes (ZFP) and the associated flux reversals for individual components was first identified and reported in the Cu-Ni-Zn system by Dayananda and Kim [11] in 1979. The phenomenon of ZFP was then identified in several studies of ternary diffusion [28] and investigated systematically for its development with diffusion couples identified as "isoactivity couples" [29] . ZFP development is now recognized in both single-phase and multiphase assemblies in many multicomponent systems [4, 19, 24, 25, [28] [29] [30] [31] [32] as a routine phenomenon arising from diffusional interactions among components.
Isoactivity Diffusion Couples.
Diffusion couples assembled with terminal alloys characterized by similar thermodynamic potentials or activities for one of the components but dissimilar activities for the other components are designated as isoactivity diffusion couples. An isoactivity couple is schematically shown in Fig. 7(a 
Identification of Zero-Flux Planes. The location of the Ni ZFP, where
Ni J goes to zero, can be easily identified on the Ni concentration profile in Fig. 8(a) on the basis of Eq. (4). The ZFP location is dictated by the requirement [10, 11, 28, 29] .
Eq. (8) implies that area A = area B and area C = area D in Fig. 8(a) . Hence, the ZFP location for a component can be easily identified from its concentration profile exhibiting a concentration maximum or a minimum. It is important to note that a ZFP for a component is expected only when an areal balance, such as area A = area B on the same side of the Matano plane, as required by Eq. (8), is satisfied for its location; a ZFP is not guaranteed just by the presence of a concentration maximum or a minimum in the concentration profile.
ZFP as a Transition between Regions of Uphill and Downward Interdiffusion.
To the left of the Ni ZFP in Fig. 8(a) , Ni J is negative and Ni interdiffuses up its own concentration gradient exhibiting uphill interdiffusion; however, to the right of the ZFP, Ni J is positive and Ni interdiffuses down its own concentration gradient. Thus, a zero-flux plane ( The diffusional interactions among the components can be assessed at the ZFP composition in terms of the interdiffusion coefficients on the basis of Eq. (1). Since i J = 0 at a ZFP for component i,
ZFP) for a component is a plane of transition from a region of uphill interdiffusion to a region of downhill interdiffusion (or vice versa) for the component; at the ZFP the interdiffusion flux of the component is zero but the
Hence, the slope of the diffusion path
at the ZFP composition provides a direct estimation of the ratio of the cross to main interdiffusion coefficients. ZFPs may be considered as null points for exact balancing of the terms contributing to the interdiffusion flux, as expressed in Eq. (9) . From the path slopes of the Ni-isoactivity couples at the ZFPs shown in Fig. 7 (b) , a ratio of Cu NiNi Cu NiZn D D~ was calculated [29] to be -4.2 for the 5 α vs. 9 α couple with similar values reported for the others. Thus, Ni uphill interdiffusion occurs towards Zn rich region against a Zn gradient in the vicinity of the ZFP, as shown in Fig. 8(a) . The path slope
at the ZFP in Eq. (10) can also be related to atomic mobilities of the components and thermodynamic data for the system [33] .
Interdiffusion of a Component up Its Own Thermodynamic Activity Gradient.
The thermodynamic activity profile for the Ni isoactivity couple, shown in Fig. 8(a) , develops a maximum to the left of x o and a minimum to the right of x o after interdiffusion. This perturbed activity profile intersects the horizontal initial isoactivity line determined by the terminal alloy compositions very close to the location of the ZFP. In addition, one can recognize regions in the diffusion zone where the interdiffusion of Ni is up its own activity gradient; these regions are identified by the upward directed arrows in Fig. 8(a) . Thus, the development of a ZFP signifies that a component can interdiffuse up its own thermodynamic gradient over certain regions in a multicomponent diffusion couple due to thermodynamic and diffusional interactions with the other components.
The diffusion paths for all the four couples in Fig. 7(b) are S-shaped as expected [3] and the ZFP locations, p 1, p 2, p 3, p 4 identified on them appear to be quite close to the intersections of the diffusion paths and the isoactivity lines drawn through the terminal alloys for each couple. Similar observations were reported by Kim and Dayananda [28] in their ZFP identification in many earlier diffusion studies in systems, such as Cu-Au-Ag [32] , Cu-Zn-Sn [16] , Fe-Ni-Co [17, 18] , Co-Ni-Cr [34] , and Fe-Ni-Al [35] [36] [37] [38] [39] . Duh and Dayananda [30] also investigated the Fe-Ni-Cr system at 1100 o C for interdiffusion coefficients and ZFP development with isoactivity diffusion couples.
Multiple ZFPs for a component and ZFPs for more than one component. In multicomponent diffusion couples, ZFPs can develop for more than one component at different locations with a change in the flux direction of the individual component observed on the two sides of each ZFP. In Fig. 9 are presented concentration profiles as well as interdiffusion flux profiles of components for two diffusion couples, one investigated in the ternary Cu-Ni-Zn system [29] and the other in the quaternary Cu-Ni-Zn-Mn system [24] . The Cu-Ni-Zn couple in Fig. 9 (a) was assembled with two  (cubic) Cu-Ni-Zn alloys and annealed at 775 o C for 2 hours; Ni developed 2 ZFPs, one on either side of the Matano plane (x = 0), as identified in Fig. 9(a) . Two ZFPs have also been reported for Cr in a Ni-Al-Cr diffusion couple [19] annealed at 1200 o C. The two ZFPs can sometimes merge into one close to the Matano plane, as has been observed [28] for Ni in a Co-Ni-Cr couple at 1300 o C [34] .
The Cu-Ni-Zn-Mn couple in Fig. 9(b) was assembled with a Cu-Ni-Mn alloy bonded to a Cu-Ni-Zn alloy and annealed at 775 o C for 2 days [24] . The couple developed a ZFP for both Mn and Ni. Thus, in principle, each component in a multicomponent system can develop one or more ZFPs in different regions of the diffusion zone. 
Zero-Flux Planes and Flux Reversals in Multiphase Couples
The development of ZFPs can occur in any of the phase layers that may develop within the diffusion zone of a multiphase assembly. The identification of a ZFP for any component is made on the basis of Eq. (8) also valid for multiphase couples. Eq. (4) has been applied [29, 37] for the calculation of interdiffusion fluxes of the various components in diffusion structures consisting of adjacent phase layers characterized by planar interfaces and invariant phase compositions at the interfaces. In multiphase systems, a ZFP can sometimes develop without a recognizable minimum or a maximum in the concentration profile of a component [40] . Also, the interdiffusion flux of a component can exhibit a reversal in direction at an interphase boundary [29] . [41] annealed at 775 o C for 2 h, concentration profiles as well as interdiffusion flux profiles based on Eq. (4) are presented in Fig. 10(a) ; the experimental diffusion path for the couple is presented in Fig. 10(b) on the Cu-Ni-Zn ternary isotherm at 775 o C. The Ni-isoactivity line passing through the terminal alloy  3 is also drawn on the ternary isotherm in Fig. 10(b) .
Development of a ZFP in More Than One Phase and a Flux
The Ni J vs x plot shown in Fig. 10(a) clearly indicates that Ni J goes to zero at two different ZFPs, one identified in the γ phase region and the second identified in the β phase layer of the 
ZFP Development without a Relative Maximum in a Phase Layer.
In multicomponent, multiphase systems, a component can exhibit the development of a ZFP without developing a relative maximum or a minimum in its concentration profile. An example of such a ZFP development is presented in Fig. 11 for a Re vs. MoSi 2 diffusion couple [40] annealed at 1600 o C for 6 h. Intermediate layers of Re 2 Si, (ReMo)Si, and (Re,Mo) 5 Si 3 develop within the diffusion zone and the concentration profiles for the couple are presented in Fig. 11(a) . Profiles of interdiffusion fluxes calculated from Eq. (4) are presented in Fig. 11(b) . There is no maximum or minimum in the 
Double Serpentine Diffusion Paths
Ternary diffusion couples, where diffusional interactions among components are quite appreciable and sensitive to composition, can give rise to serpentine or double S-shaped diffusion paths. Such couples have been observed in the Fe-Ni-Al system [38, 39, 42] . Diffusion paths for two couples are presented on the Fe-Ni-Al isotherm at 1000 o C in Fig. 12 ; each of these paths is serpentine shaped and crosses the straight line joining the compositions of the terminal alloys two times instead of once. The concentration profiles for one of the couples, identified as β 3 indicates that Al interdiffusion is greatly increased against a Ni gradient causing the uphill interdiffusion of Al on the β 3 side of the Matano plane. Similarly, Ni uphill diffusion on the β 17 side of the couple is consistent with a large negative value of -3.8x10 -14 m 2 /s determined [39] for Fe NiAl D over the diffusion zone on the right hand side of the Ni concentration extremum in Fig. 12(b) . 
Eq. (11) for I φ at a planar β/α interface needs to be satisfied by each component i individually. However, even if one of the components interdiffuses extremely slowly in relation to the other components in either or both of the phases, Eq. (11) may get violated in equivalence for interface velocity for the slow diffusing component resulting in a nonplanar diffusional instability. In the Cu-Ni-Zn system, Ni is observed to be very slow diffuser relative to Zn and Cu and is often unable to keep pace with flux demands required by Eq. (11) for the interface velocity dictated by Zn and Cu interdiffusion fluxes, and hence, nonplanar interfaces can develop. [44] 
Phenomenon of a β (bcc) Phase Isothermally Formed in a α (fcc)/α (fcc) Diffusion Couple
In a multicomponent diffusion couple assembled with two terminal alloys selected from the same single phase (α) region of a ternary isotherm and annealed at the selected temperature of the isotherm, the diffusion zone is normally expected to remain within the composition range of the α region. However, this may not be the case, if the compositions of the α terminal alloys of the couple are selected quite close to the α/(α+β) phase boundary. The diffusion path and the diffusion structure developed for a Cu-Ni-Zn diffusion couple assembled with 2 α (fcc) alloys, 14 α and 16 α , and annealed at 775 o C for 8 h [47, 48] are presented in Fig. 14(a) and Fig. 14(b) , respectively. The diffusion path for the couple deviates into the β phase region (bcc) of the isotherm and the couple develops a diffusion structure with the formation of a (α+β) two-phase region with gradual transition from isolated β precipitates to an interconnected network of β region. Hence, controlled formation of a β second phase in a matrix of the parent α phase with gradual variation in morphology can be achieved isothermally with a ternary α vs. α couple. α Cu-Ni-Zn diffusion couple deviates into the β phase region of the isotherm; (b) the diffusion structure for the couple with the formation of a (α+β) region with isolated β precipitates to an interconnected network of β region. [47, 48] 
Demixing of Phases with Couples Assembled with Two-phase Terminal Alloys
Individual phases of a two-phase ternary alloy may be unmixed into individual layers through an isothermal interdiffusion process. The phenomenon of demixing of phases was first reported [47, 48] in 1990 in the Cu-Ni-Zn system. A diffusion couple was assembled with two two-phase alloys, (a) (b) Diffusion Phenomena in Engineering Materials whose compositions were selected to be within the (α+β) region of the Cu-Ni-Zn isotherm at 775 o C shown in Fig. 15 (a) . These alloys are identified as 2 β) (α  and 13 β) (α  in the figure, and the diffusion couple was annealed for 8h at 775 o C. The diffusion structure of the couple observed after annealing is presented in Fig. 15(b) and the corresponding diffusion path is also drawn in Fig. 15(a) . β) (α  , annealed at 775 o C for 8 h. [47, 48] The diffusion structure in Fig. 15(b) clearly shows the development of adjacent single phase layers of α and β phases in the diffusion zone between the two (α+β) terminal alloys of the couple. Corresponding to these single phase layers, the diffusion path for the couple in Fig. 15(a) shows two segments, one in the α phase region and the other in the β phase region of the ternary isotherm. These segments are connected by a diffusion path segment parallel to a tie-line across the (α+β) region; this is consistent with the observed planar α/β interface. The morphological separation of phases occurs with appreciable reduction of interfacial boundaries of the original two-phase alloys. Similar demixing of phases by isothermal diffusion has also been reported in multiphase couples in the Fe-Ni-Al system [49] .
Summary
Isothermal interdiffusion in single phase and multiphase couples in multicomponent systems can give rise to several interesting phenomena that need to be understood in terms of diffusional and thermodynamic interactions among components and the relative interdiffusion behavior of the diffusing species. Such phenomena include uphill interdiffusion, development of zero-flux planes and flux reversals for individual components, nonplanar instability at interfaces, formation of new phases, and demixing of phases. The manifestation of these phenomena depends on the compositions of the terminal alloys employed for a multicomponent assembly. The concentration profiles developed within the diffusion zone can be analyzed directly for interdiffusion fluxes, and diffusional interactions can be assessed through appropriate interdiffusion coefficients. Further research is needed to understand better the intricacies and the practical applications of these various phenomena.
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